Abstract: Thermal and pressure stability of Li-ion batteries (LiB) are the most important parameters for safety. In abuse operating conditions, the rapid increase of temperature and pressure can cause the appearance of hot-spots, which may lead to an increasing degradation rate or even to the battery's explosion and/or combustion. A sensing network of fiber Bragg gratings is attached to the surface of a prismatic LiB to monitor its temperature and bi-directional strain variations through normal charge (0.70 C) and two different discharge rates (1.32 C and 5.77 C) in the x-and y-directions. More significant variations are registered when the LiB operates in abnormal conditions. A maximum temperature variation of 27.52 ± 0.13 • C is detected by the sensors located close to the positive electrode side. Regarding strain and consequent length variations, maximum values of 593.58 ± 0.01 µε and 51.05 ± 0.05 µm are respectively obtained by the sensors placed on the y-direction. The sensing network presented can be a solution for the real-time monitoring, multipoint and in operando temperature and bi-directional strain variations in the LiBs, promoting their safety.
Introduction
Lithium-ion batteries (LiB) are extensively used as power sources for a wide range of electronic devices such as smartphones and laptops, ensuring optimized conditions in the perspective of power, energy, long cycle-life, and slow self-discharge [1, 2] . Prismatic LiBs, characteristically used on smartphones, are more disposed to thermal and mechanical abuses from external actions.
The induced strain can be a question that affects the LiB stability and safety, making it the principal cause of material cracking and other forms of performance degradation [3] . Analogous to other electrochemical energy storage systems, the chemical compositions of the active materials change under the charge/discharge processes, which induces strains in electrode particles and causes changes in LiB volume. The aim of thickness reduction of smartphones can be a problem for the users, because these new designs of the smartphone do not integrate a dually protective device which relieves at a set pressure, thus avoiding the overpressure of the LiB. Additionally, LiB companies pursue higher energy density and thinner devices at the cost of safety, which moves against the inherently safer design of a commercial LiB [4] .
In addition to strain, thermal runaway is also an essential issue, with impact in the global LiB performance, which is reproduced by the fast increase of temperature. The internal structures of LiBs are made-up of multiple layers, forming a 'jelly roll' structure, where each layer consists of the anode, cathode, electrolyte, and polymer film separators. Under abnormal conditions, such as temperature exceeding the separators melting point, mechanical deformation, or breakdown of the layered materials, an internal short circuit can happen. The hot spot generated by internal short circuit can ignite thermal runaway, leading to fire or explosion of the LiB [5, 6] .
The ability to quantify and evaluate the mechanism of strain and thermal runaway generated during the electrochemical processes that the batteries can operate will be beneficial information regarding their behavior as well as an active tool to promote their safety. The temperature and strain sensing of LiB is typically performed using thermocouples [7, 8] , pyrometers [9] , electro-mechanical sensors [10] , and 3D digital image correlation [6] . Due to their ease in multiplexing, fast response, immunity to electromagnetic interference advantages when compared to electronic sensors [11] , recent works showed that fiber Bragg gratings (FBG) are an effective method to perform temperature and strain measurements in LiBs [12] [13] [14] [15] [16] .
In this work, through a sensing network of FBGs, quantitative temperature, bi-directional strain shifts, and correspondent longitudinal and transversal variations are provided, as a function of the respective voltage signal of a prismatic LiB, during different cycling protocols.
Materials and Methods

FBG Sensors: Mechanism of Operation
Typically, a FBG sensor consists of a short segment of a single-mode optical fiber (with a length of a few millimeters) with a photoinduced periodically modulated index of refraction in the core of the fiber. The FBG resonant wavelength is related to the effective refractive index of the core mode (n eff ) and to the grating period (Λ). When the grating is illuminated with a broadband optical source, the reflected power spectrum presents a sharp peak (with a full width at half maximum of a few nanometers), which is caused by interference of light with the planes of the grating and can be described through Equation (1) [11] 
where λ B is the so-called Bragg wavelength. When the fiber is exposed to external variations of a given measurand (such as strain, temperature, stress or pressure, among others), both n eff and Λ can be altered, causing a shift in the Bragg wavelength. The FBG sensitivity towards a given parameter is obtained simply by subjecting the sensor to pre-determined and controlled variations of such parameter and measuring the Bragg wavelength for each step. In the case of a linear response, the sensitivity (K) is given by the slope of the linear fit obtained from the experimental data. The effects of temperature are accounted for in the Bragg wavelength shift by differentiating Equation (1)
where α and ξ are the thermal expansion and thermo-optic coefficient of the optical fiber material, respectively. On the other hand, if the fiber is subjected to strain variations, its response can be determined by differentiating Equation (1)
where p e is the photoelastic constant of the fiber (~0.22) and ∆ε is the applied strain. The strain variations can be determined using the equation ∆ε = ∆L/L where ∆L is the length variation and L the fiber length over which strain is applied.
Strain and Temperature Discrimination: Reference FBG Method
The temperature and bi-directional strain discrimination were performed using the reference FBG method. On a single measurement of the Bragg wavelength-shift, it is not possible to discriminate the effect of changes in strain and temperature. Therefore, a reference is required for temperature Batteries 2018, 4, 23 3 of 9 measurement. Several methods have been addressed in the literature for an accurate discrimination between these two parameters [17] [18] [19] . The most straightforward way is to use a separated, strain-free FBG, which acts as a temperature sensor. In this case, the wavelength shift, ∆λ B1 , is related to temperature variations, ∆T 1 , according to
where K T1 is the temperature sensitivity of the non-fixed FBG. This reference FBG is in the same thermal environment as the other sensors, which simultaneously detect strain and temperature. Assuming that the wavelength-shifts to strain and temperature are linear, a response to a strain change, ∆ε 2 and a temperature change, ∆T 2 , is given by
where K ε2 and K T2 are the strain and temperature sensitivities of the fixed FBG [11] , determined in the calibration procedure. Therefore, using Equation (4), the wavelength variations detected by the strain-free FBG can be converted into temperature variations. These temperature variations are then considered in Equation (5), allowing the determination of strain.
Experimental Setup
A network of five FBG sensors, recorded in two different fibers, was placed in direct contact with the LiB surface on the x-and y-directions, as schematized in Figure 1 . The FBGs network used in the monitoring system, with estimated gratings length of~3.0 mm, was pre-fabricated in our lab and written in commercial photosensitive single mode fiber (125 µm of cladding diameter) (FiberCore PS1250/1500) by the phase mask method. The UV radiation system used was a pulsed excimer laser (KrF) (Industrial Bragg Star, Coherent, CA, USA), emitting at a wavelength of 248 nm, 4 mJ/pulse (20 ns duration), and 500 Hz repetition rate. separated, strain-free FBG, which acts as a temperature sensor. In this case, the wavelength shift, ΔλB1, is related to temperature variations, ΔT1, according to
where KT1 is the temperature sensitivity of the non-fixed FBG. This reference FBG is in the same thermal environment as the other sensors, which simultaneously detect strain and temperature.
Assuming that the wavelength-shifts to strain and temperature are linear, a response to a strain change, Δε2 and a temperature change, ΔT2, is given by
where Kε2 and KT2 are the strain and temperature sensitivities of the fixed FBG [11] , determined in the calibration procedure. Therefore, using Equation (4), the wavelength variations detected by the strain-free FBG can be converted into temperature variations. These temperature variations are then considered in Equation (5), allowing the determination of strain.
A network of five FBG sensors, recorded in two different fibers, was placed in direct contact with the LiB surface on the x-and y-directions, as schematized in Figure 1 . The FBGs network used in the monitoring system, with estimated gratings length of ~3.0 mm, was pre-fabricated in our lab and written in commercial photosensitive single mode fiber (125 µm of cladding diameter) (FiberCore PS1250/1500) by the phase mask method. The UV radiation system used was a pulsed excimer laser (KrF) (Industrial Bragg Star, Coherent, CA, USA), emitting at a wavelength of 248 nm, 4 mJ/pulse (20 ns duration), and 500 Hz repetition rate. As can be seen in Figure 1 , the FBG1 was placed on the x-direction, FBG4 on the y-direction and FBG3 out of the battery to monitor the external room temperature. These sensors were only used to measure temperature variations, as they were not fixed to the battery. The simultaneous detection of the strain and temperature variations was accomplished by fixing a second fiber side by side to the first one, with two sensors: FBG2 and FBG5. This fiber was pre-tensioned and fixed to the battery on its extremities, along the LiB x-and y-directions. Thermal paste was placed along both fibers to increase thermal conductivity between the battery and the FBGs. To calculate the length variations As can be seen in Figure 1 , the FBG1 was placed on the x-direction, FBG4 on the y-direction and FBG3 out of the battery to monitor the external room temperature. These sensors were only used to measure temperature variations, as they were not fixed to the battery. The simultaneous detection of the strain and temperature variations was accomplished by fixing a second fiber side by side to the first one, with two sensors: FBG2 and FBG5. This fiber was pre-tensioned and fixed to the battery on its extremities, along the LiB x-and y-directions. Thermal paste was placed along both fibers to increase thermal conductivity between the battery and the FBGs. To calculate the length variations on the two directions, the distance between the two fixed points was considered. As the glue was placed as close to the edge of the LiB as possible, the length variations are related to the battery dimension.
The LiB used in this work was a commercial hard prismatic rechargeable smartphone LiB (Iphone 5 G Battery, Singapore) with an open-circuit voltage of 4.30 V, nominal capacity of 1440 mAh, cut-off voltage of 3.20 V, dimensions of 8.6 (length) × 3.0 (width) × 0.3 cm (thickness), and mass of 23.47 g. Inside the aluminum-plastic pouch, the internal structure is constructed by winding the ribbon-like electrode and separator to form a 'jelly-roll' structure. The negative and positive active materials are coated on each side of the separator materials, and thin layers of copper and aluminum foils are used as the current collectors [4] .
Prior to the fiber sensor network's attachment to the LiB, a calibration to strain and temperature was carried out. The strain characterization was performed using a micrometric translation stage between 0 µε and 2000 µε. The sensors thermal calibration was made on a thermal chamber (Model 340, Challenge Angelantoni Industrie, Massa Martana, Italy). The temperature range was between 20.0 • C and 50.0 • C, in steps of 5.0 • C. The temperature and strain sensitivities obtained are presented in Table 1 . The reflected Bragg wavelengths were measured with an optical interrogator (sm125-500, Micron Optics Inc., Atlanta, GA USA) operating at 2.0 Hz and wavelength accuracy of 1.0 pm. The voltage signal was monitored using a 12-bit resolution data acquisition system (DAQ) (USB6008, National Instruments, Austin, TX, USA). The acquisition modules were controlled by a LabVIEW ® customized application, allowing the real-time monitoring of the acquired data. The LiB was cycled twice under two different discharge rates of 1.32 C and 5.77 C (where 1.00 C is the rate of the ideal capacity charge/discharge in 1 h) through two power resistors of 2.0 Ω and 0.47 Ω until a voltage of 1.95 V was reached. A normal charge rate of 0.70 C was applied, using a commercial battery charger with output voltage of 5.00 V (ETA0U83EWE, Samsung, Vietnam).
Results and Discussion
The temperature variations registered by the FBG sensors placed on the two sides of the battery are presented in Figures 2 and 3 . The positive and negative electrodes indicated in the Figures correspond to the sensors placed on the y-and x-directions, respectively. The cycling protocol, where the discharge rate of 1.32 C was applied, is shown in Figure 2 . Over the CC charge step (1), a maximum temperature variation of 1.29 ± 0.13 • C was measured by the sensors placed on the positive electrode side, whereas on the negative electrode side, the maximum temperature shift was of 0.86 ± 0.13 • C. Between the constant current (CC) charge/discharge steps, constant voltage (CV) steps (2) of 10 min and 15 min were selected to stabilize the temperature and relax the battery. registered The bi-directional strain variations detected by the FBG sensors on the x-and y-directions, during the experimental cycling protocol with the discharge rate of 1.32 C, as well as their voltage signal, are presented in Figure 4 . Over the CC charge steps (1), mean strain variations of 122.49 ± 0.01 The starting of the CC discharge step (3) causes an instantaneous increase on the battery surface temperature, however, the maximum temperature shift was achieved only at the end of the discharge process. These fast and significant increases are related to the larger electrochemical reactions produced by the flow of Li+ ions on migration to the positive electrode. During all the discharge steps, two different moments of temperature variations can also be observed. The first moment occurs when the LiB voltage crosses the cut-off voltage, and the second between the cut-off and the end of the discharge process. The maximum temperature variations detected were very similar on both electrodes, around 11.50 ± 0.13 • C. Figure 3 shows the cycling protocol where a discharge rate of 5.77 C was applied. Attending to the CC charge steps (1) and comparing with previous cycling protocol, the same range of values was Batteries 2018, 4, 23 6 of 9 registered by the FBG sensors located on the positive and negative electrodes. As expected, the main difference was in the temperature variations achieved during the CC discharge step (3) . In all discharge steps, a monotonic increase can be observed, until the LiB reaches 1.95 V. A maximum temperature variation of 27.52 ± 0.13 • C was recorded on the positive electrode side by the FBG4. On the negative electrode side, an inferior ∆T value of 27.25 ± 0.13 • C was obtained, however, this difference is not significant, taking the measurement error into account.
The bi-directional strain variations detected by the FBG sensors on the x-and y-directions, during the experimental cycling protocol with the discharge rate of 1.32 C, as well as their voltage signal, are presented in Figure 4 . Over the CC charge steps (1), mean strain variations of 122.49 ± 0.01 µε and 29.61 ± 0.01 µε were measured on the y-and x-directions, respectively, when the battery reached the 3.95 V. As already mentioned, during the 10 min CV step (2) , between the CC charge (1) and CC discharge (3) steps, a relaxation occurs on the battery. This relaxation was higher on the y-direction, translating into a strain diminishing of 25.58 ± 0.01 µε.
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Comparatively to the cycling protocol presented previously and attending the CC charge steps (1) and CV steps (2), the same range of Δε were obtained, causing maximum ΔL of 10.53 ± 0.05 µm and 0.89 ± 0.05 µm in the y-and x-directions, respectively, and longitudinal and transversal shifts of 0.012% and 0.003%, respectively, on the battery.
When the battery is subjected to CC discharge steps (3), a monotonic increase can be observed in both directions. However, a different increasing time occurs, before and after the battery reached the cut-off voltage, following the fast voltage decrease. On the y-direction, a maximum strain variation of 593.58 ± 0.01 µε was measured and a correspondent ΔL of 51.05 ± 0.05 µm was calculated. This high elongation translated in a battery longitudinal variation of 0.060%. The sensors located in When the battery is subjected to the CC discharge step (3), at 1.32 C, three different behaviors can be observed on the two different directions. In the first one, until the LiB reached the 3.30 V, there is a sudden increase of strain. In the y-direction this increase is nearly two-times higher than the one measured in the x-direction. After this, a strain decreases of 7.39 ± 0.01 µε and 6.46 ± 0.01 µε was measured in the y-and x-directions, respectively, until the cut-off voltage was reached. This was followed by a fast increase of strain, as the battery starts to operate under abusive conditions, between 3.20 V and 1.95 V. In this case, the y-direction strain increased up to 213.53 ± 0.01 µε. On the x-direction, a 3.4-times lower strain value was recorded.
These values can be converted to length variations (∆L), by multiplying the strain by the length or the width of the LiB on the y-or x-directions, respectively. Thus, maximum ∆L of 18.36 ± 0.05 µm and 1.86 ± 0.05 µm on the y-and x-directions were calculated, respectively. These length variations can be translated to a longitudinal and transversal variation in the battery of 0.021% and 0.006% in the y-and x-directions, respectively.
The same LiB was submitted to a different cycling protocol test, where a different discharge rate of 5.77 C was applied. This higher discharge rate was selected so that the battery would operate under abnormal conditions. However, the same charge rate was used to charge the battery at 3.95 V. The bi-directional strain variations obtained are presented in Figure 5 .
In all cycles, it was observed that the maximum strain variations are registered when the battery discharge process ends. A relation between the different discharge rates which are applied and the longitudinal and transversal variations on the LiB can be performed by considering the battery dimensions and the ΔL values obtained in the two directions. For instance, the ratio of the LiB dimensions is 2.87, whereas dividing the longitudinal by the transversal variation measured over the higher discharge rate, a ratio of 2.73 is calculated. Making the same analogy but for the discharge rate of 1.32 C, a ratio value of 3.50 is obtained. This means that the expansion and contraction of the internal 'jelly roll' structure that constitutes the prismatic battery behaves differently on each charge/discharge process which is subject, and it is not proportional to the LiB dimensions. Through a complete analysis of the cycling test, it is evident that, in both cases, the maximum values obtained for the temperature and strain variations agree with the sudden decrease of the voltage. Considering all strain and temperature values measured, different behaviors in terms of direction of expansion and temperature variations on the two sides of the battery were detected. These results are in good agreement with the ones found in the literature [6, 9, 10] .
The monitoring of the internal and external parameters during charge and discharge cycles, combined with battery management systems, seems to be adequate to improve overall safety. They also could be used to determine realistic operating conditions and geometries, towards more stable cell pack designs.
Conclusions
A network of FBG sensors was successfully used to simultaneously monitor temperature and bidirectional (x-and y-direction) strain in a prismatic rechargeable LiB, under an experimental cycling protocol with normal CC charge and different CC discharge steps (1.32 C and 5.77 C). When the battery was subjected to abnormal operating conditions, as fast discharge and operating below the cut-off voltage, it is evident that higher temperature and strain variations occur, which are promoted by the rapid Li+ transport between the positive and negative electrodes. Over the CC charge step, maximum temperature and strain variations were reached at the end of the process, with values of 1.29 ± 0.13 °C in the positive electrode side and 122.49 ± 0.01 µε and 29.61 ± 0.01 µε on the y-and xdirections, respectively. Comparatively to the cycling protocol presented previously and attending the CC charge steps (1) and CV steps (2), the same range of ∆ε were obtained, causing maximum ∆L of 10.53 ± 0.05 µm and 0.89 ± 0.05 µm in the y-and x-directions, respectively, and longitudinal and transversal shifts of 0.012% and 0.003%, respectively, on the battery.
When the battery is subjected to CC discharge steps (3), a monotonic increase can be observed in both directions. However, a different increasing time occurs, before and after the battery reached the cut-off voltage, following the fast voltage decrease. On the y-direction, a maximum strain variation of 593.58 ± 0.01 µε was measured and a correspondent ∆L of 51.05 ± 0.05 µm was calculated. This high elongation translated in a battery longitudinal variation of 0.060%. The sensors located in the x-direction followed a similar behavior as in the previous cycling protocol and detected lower strain variations. In this case, a maximum transversal variation of 0.022% was obtained.
In all cycles, it was observed that the maximum strain variations are registered when the battery discharge process ends. A relation between the different discharge rates which are applied and the longitudinal and transversal variations on the LiB can be performed by considering the battery dimensions and the ∆L values obtained in the two directions. For instance, the ratio of the LiB dimensions is 2.87, whereas dividing the longitudinal by the transversal variation measured over the higher discharge rate, a ratio of 2.73 is calculated. Making the same analogy but for the discharge rate of 1.32 C, a ratio value of 3.50 is obtained. This means that the expansion and contraction of the internal 'jelly roll' structure that constitutes the prismatic battery behaves differently on each charge/discharge process which is subject, and it is not proportional to the LiB dimensions.
Through a complete analysis of the cycling test, it is evident that, in both cases, the maximum values obtained for the temperature and strain variations agree with the sudden decrease of the voltage. Considering all strain and temperature values measured, different behaviors in terms of direction of expansion and temperature variations on the two sides of the battery were detected. These results are in good agreement with the ones found in the literature [6, 9, 10] .
A network of FBG sensors was successfully used to simultaneously monitor temperature and bi-directional (x-and y-direction) strain in a prismatic rechargeable LiB, under an experimental cycling protocol with normal CC charge and different CC discharge steps (1.32 C and 5.77 C). When the battery was subjected to abnormal operating conditions, as fast discharge and operating below the cut-off voltage, it is evident that higher temperature and strain variations occur, which are promoted by the rapid Li+ transport between the positive and negative electrodes. Over the CC charge step, maximum temperature and strain variations were reached at the end of the process, with values of 1.29 ± 0.13 • C in the positive electrode side and 122.49 ± 0.01 µε and 29.61 ± 0.01 µε on the y-and x-directions, respectively.
During the CC discharge step, the higher strain and temperature values of 593.58 ± 0.01 µε and 27.52 ± 0.13 • C were respectively register for the higher discharge rate and when the LiB voltage was lower. These values also relate to the y-direction and positive electrode side and correspond to a battery longitudinal expansion of 0.060%. As expected, there is a deformation increase when the temperature also increases, due the thermal expansion of the materials that compose the battery. Thus, the internal structure of the battery is an important parameter to have in consideration and can influence the behavior of battery materials in terms of expansion and contraction over its operation.
The sensing network presented proved to be an effective, precise, alternative solution to real time monitor, multipoint and in operando temperature and bi-directional strain changes in the LiBs promoting their safety.
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